Background: Child molesters form a heterogeneous
Aims: To investigate the presence of impairments in reinforcement learning among child molesters and to test for differences in patterns of impairment with subtype.
Methods: A group of 59 child molesters was recruited from several prisons in a two-stage screening process, the first using records and the second interview; a comparison group of 33 offenders who had never committed a sex offence and who denied paedophile ideation was similarly recruited; 36 nonoffender comparison men were recruited by social media and word of mouth. Each was asked to perform a probabilistic reversal learning task, in which stimulusoutcome contingencies had to be learned.
Results: Child molesters, as a group, made significantly more errors on the probabilistic reversal learning task than the nonoffenders; the comparison offenders and the nonoffenders gained similar scores, although findings may have been confounded by older age in the child molester group. Nonpaedophilic child molesters had significantly worse scores than paedophilic child molesters.
Conclusions: Child molesters, especially those not diagnosed with paedophilia, have deficits during both the acquisition and reversal of contingencies, suggesting reinforcement learning deficits that may undermine their capacity to benefit maximally from therapy without preliminary work to repair those deficits, possibly in conjunction with extending the offender programmes. Testing before programme entry would enable accurate targeting of scarce resources in this respect.
| INTRODUCTION
In order to function optimally in the world, we learn which choices to make and how to act based on the value of the outcomes, which act as reinforcement (Behrens, Hunt, Woolrich, & Rushworth, 2008) . Reinforcement learning helps us engage in the exploitation of choices that lead to positive outcomes, whereas those that lead to unfavourable outcomes are avoided. In addition to acquiring contingencies (i.e. acquisition learning), we also need to adjust our behaviour accordingly when contingencies change and previously rewarded choices and behaviours become inappropriate (i.e. reversal learning; Cools, Clark, Owen, & Robbins, 2002) . Reinforcement learning has a strong neurobiological basis (e.g. Behrens et al., 2008; Cools et al., 2002) , and disturbances in the mechanisms subserving it have been linked to many psychiatric conditions typified by maladaptive behaviour (e.g. Chen, Takahashi, Nakagawa, Inoue, & Kusumi, 2015; Waltz & Gold, 2007) .
Persistent antisocial behaviour, seen in violent offenders with psychopathy, has also been linked to impaired reinforcement learning. Studies have consistently demonstrated that they show selective impairments in response reversal (e.g. Budhani, Richell, & Blair, 2006; Mitchell et al., 2006; Mitchell, Colledge, Leonard, & Blair, 2002) . From a clinical perspective, this finding parallels the commonly seen inclination to keep exhibiting antisocial behaviour despite having faced criminal sanctions (Kiehl & Hoffman, 2011) . More recent work, however, has pointed out that reversal learning deficits are found not only in offenders with high psychopathy scores but also in offenders with a subthreshold score on the Psychopathy Checklist-Revised (PCL-R; Hare, 2003) (Dargis, Wolf, & Koenigs, 2017; Mitchell et al., 2006) and in offenders with a diagnosis of antisocial personality disorder without high psychopathy checklist scores (De Brito, Viding, Kumari, Blackwood, & Hodgins, 2013) .
Despite indications that reversal learning deficits may occur among offenders with low psychopathy scores, this line of research has yet to be extended systematically to other offenders who show rigid behaviours, such as child molesters (CMs). Although their overall sexual reoffending rate is low, they form a heterogenous group and some subgroups pose a high risk, such as offenders against boy victims who have the highest sexual recidivism rates of all hands-on sexual offenders (Harris & Hanson, 2004) , with some of them showing recidivism rates up to 64% over 15 years (Vess & Skelton, 2010) . These findings suggest that, at least some subtypes of CMs show difficulties in adapting dysfunctional behaviours, despite the prospect of reincarceration. It is still unknown, however, whether this behavioural rigidity is related to reinforcement learning deficits. Only one study so far has examined this form of learning in a mixed group of sex offenders, including those targeting children (Leue, Brocke, & Hoyer, 2008) . In this study, 51 healthy controls, 50 paraphilic, and 48 nonparaphilic sex offenders performed a computerised choice task and were instructed to earn as many points as possible by pressing one of two buttons.
After the first phase in which both buttons were rewarded, one of the two buttons was no longer rewarded, which required subjects to adapt their behaviour. The findings showed that nonparaphilic sex offenders were less able to adapt to changing contingencies, relative to the controls, and the paraphilic sex offenders, indicating reversal learning impairment among the nonparaphilic offenders. This study does not, however, provide sufficient insights into the nature of the impairments found. Because acquisition learning was not assessed, this study was not able to elucidate whether the maladaptive tendencies seen in nonparaphilic sex offenders reflect a specific impairment in reversal learning or a more general reinforcement learning deficit. The study samples of sex offenders, moreover, were heterogeneous, with variously adult or child victims. Because Joyal, Beaulieu-Plante, and de Chantérac (2014) demonstrated that CMs and rapists have different cognitive profiles, they may not necessarily show similar reinforcement learning profiles. Furthermore, Joyal et al. (2014) showed a high degree of within-group variance in the cognitive functioning of CMs and argued that subgroups (e.g. paedophilic/nonpaedophilic) should be dealt with separately in cognitive examinations. Paedophilic and nonpaedophilic CMs are distinguished by clinical presentation, offence characteristics, and underlying motivations for sexually abusing children. The paedophilic subgroup is driven by deviant sexual preferences, whereas the nonpaedophilic CMs are sexually attracted to adults but abuse children for a variety of other reasons, including emotion regulation problems, antisocial inclinations, poor impulse control, the need for power and control (Eastvold, Suchy, & Strassberg, 2011; Suchy, Whittaker, Strassberg, & Eastvold, 2009 ).
Our main aim was to investigate for the first time whether reinforcement learning is impaired in CMs and, if so, which aspects of it are affected. Our first hypothesis was that CMs would show reinforcement learning impairments -relative to nonoffenders (NOs) and a comparison group of nonsexual offenders (OCs)-at least in reversal learning.
Our additional aim was to explore differences between CMs in this respect, with the hypothesis that nonpaedophilic CMs would show more impaired reinforcement learning than paedophilic CMs.
This experiment was part of a larger study about the cognitive functions of CMs, which was approved by the Medical Ethics Committee of the University of Antwerp. All participants signed an informed consent form and received 10€ for participating.
| Design, participants, and procedure
A cross-sectional group comparison design was chosen. All offenders were recruited from eight Flemish prisons between February 2016 and July 2017. The core criterion for inclusion in the CM group was at least one conviction for sexually abusing a child aged 13 years or younger. The criterion for the OCs was having had at least one conviction for a violent offence but no history of sexual offending or self-reported paedophilic sexual interest. The NOs were recruited from the community by social media and word of mouth and were screened using the same procedure as for the offenders. Core criteria for inclusion were male sex and similar age and IQ group to the offender participants and no evidence of criminal convictions or self-reported paedophilic sexual interest.
In order to identify eligible candidates, prison psychologists used files to prescreen prisoners (all male) for age (18-65 years), IQ (full scale IQ > 79), no (current or lifetime) serious psychiatric nor neurological disorder, and no substance abuse within the last year. Based on this prescreening, 138 offenders were invited to attend information sessions in which the study was explained. For those who were willing to participate, fit with the inclusion criteria was checked during a separate screening session. In this session, a semi-structured interview designed for this study was administered. This interview covered demographic factors, sexual behaviour, offending behaviour, and criminal history, and was used in conjunction with the Structured Clinical Interview for DSM-IV Axis I (Van Groenestijn, Akkerhuis, Kupka, Schneider, & Nolen, 1999) and Axis II Personality Disorders (Weertman, Arntz, & Kerkhofs, 2000) to rule out serious psychiatric disorder. When possible, the self-report information regarding offending was compared with prison records. The Dutch version of the National Adult Reading Test (Schmand, Bakker, Saan, & Louman, 1991 ) was administered to estimate the level of intelligence. The participation rate was 71% and 61% for the CMs and the OCs, respectively.
| Assessment tools
The Self-Report Psychopathy Short-Form (SRP-SF; Paulhus, Neumann, & Hare, 2015) was used to assess psychopathy. This measure yields 2 factor scores (i.e. interpersonal affective and impulsive antisocial) and a total psychopathy score (see Appendix A).
The Screening Scale for Pedophilic Interest (Seto & Lalumière, 2001) 
| The reinforcement learning task
A computerised probabilistic reversal learning task developed by Budhani et al. (2006) was used. In each of the 270 task trials, a pair of animals was presented to a participant who had to learn to choose the correct animal. After choosing one of the animals, feedback was presented to him and rewards or punishments (fake money given or withdrawn) were given. Participants were instructed to earn as much money as possible. In total, six pairs of animals were presented throughout the task. Four of these pairs had a 100-0 contingency, with the correct option always being rewarded and the incorrect option always being punished. The remaining two pairs had an 80-20 (i.e. a probabilistic) reinforcement contingency. In these pairs, the correct option was rewarded in 80% and punished in 20% of the trials. The incorrect option, in turn, was rewarded in 20% and punished in 80% of the trials.
Of the six animal pairs, two pairs were reversing and four pairs were nonreversing. Whereas the reward-punishment contingencies of the latter pairs remained constant throughout the task, the contingencies of the former pairs reversed (i.e. reversal phase) after having been constant for 40 trials (i.e. acquisition phase). Upon reversal, the correct option became the incorrect one and vice versa, requiring the subject to adapt his behaviour. One of the reversing and one of the nonreversing pairs had an 80-20 contingency. The other pairs had a 100-0 contingency (see also Appendix A). A learning criterion of eight consecutive correct responses per pair was maintained to indicate that learning had occurred (Budhani et al., 2006) .
| Planned data analysis
First, Fisher's exact tests were used to compare the proportion of CMs, OCs, and NOs who failed to reach the learning criterion. Next, the number of errors that were made prior to reaching the learning criterion was entered in a general linear model (GLM) with group (CM, OC, NO) as between-subjects factor and phase (acquisition, reversal) and contingency (100-0, 80-20) as within-subjects factors. For participants who did not reach the learning criterion in the acquisition phase, the reversal of learned contingencies could not be assessed.
These participants were regarded as nonlearners and excluded from further analysis (Budhani et al., 2006) . When the learning criterion was not reached in the reversal phase, "total errors made" rather than "number of errors made prior to reaching the criterion" was used in the analysis (Budhani et al., 2006) . Then, a second GLM was performed in a supplementary analysis to determine whether subgroups of CMs differed in their reinforcement learning abilities. This model included subgroup (paedophilic CM, nonpaedophilic CM) as betweensubjects factor, with phase and contingency as within-subjects factors. Finally, additional correlation analyses were conducted between the number of errors made and age, IQ, psychopathy scores, and length of incarceration to identify possible confounders in both models (see Appendix B).
Two CMs chose to discontinue the task, and the data of two comparison subjects had to be discarded due to technical malfunctions. Thus, data from 57 CMs, 32 OCs, and 35 NOs were available for analysis.
| Failure Rate
Ten CMs and three OCs failed to reach the learning criterion for one or both acquisition conditions and were excluded from further analysis. Of the remaining participants, 12 CMs, two OCs, and five NOs failed to reach the learning criterion for one of the reversal conditions (Table 1) . When comparing the proportions of participants who failed the learning criterion, differences were only significant for CMs versus NOs in the 80-20 acquisition (Fisher's exact test, p = 0.04; Table 1 ).
| Error Rate
After excluding the non-learners, 47 CMs, 29 OCs, and 35 NOs remained. One-way analyses of variances (ANOVAs) were carried out to determine whether the groups differed on age, IQ, psychopathy scores, or length of incarceration. Table 2 
| Within-group analysis for the child molesters
Subgroup-specific performance was compared between paedophilic (n = 17) and nonpaedophilic CMs (n = 30). Note. NLV: Dutch version of the National Adult Reading Test; SRP-SF Tot: Self-Report Psychopathy Short-Form Total psychopathy score; SRP-SF F1: Self-Report Psychopathy Short-Form Interpersonal affective; SRP-SF F2: Self-Report Psychopathy Short-Form Impulsive antisocial; Incarc. length: Time spent in prison until the moment of testing. a n nonpaedophilic child molesters = 30, n paedophilic child molesters = 17.
b n nonpaedophilic child molesters = 26, n paedophilic child molesters = 14 (four nonpaedophilic and three paedophilic child molesters did not complete the NLV due to Dutch not being their native language). Levene's test for equality of variances, p < 0.05.
significant subgroup × phase, F (1, 45) = 0.37, p = 0.55, or subgroup × phase × contingency, F (1, 45) = 1.30, p = 0.26, interactions were found.
| DISCUSSION
This study was the first to demonstrate reinforcement learning impairments in CMs and to specify further the nature of the impairments. We found that CMs, as a group, are impaired in their ability to acquire contingencies and to adapt when contingencies change. In the only prior study on this topic, Leue et al. (2008) found a reversal learning impairment in a mixed group of sex offenders. Our results not only fit with this finding but also show that the reversal learning impairments are present among CMs specifically and that acquisition learning is also impaired among them. Finally, we confirmed that reinforcement learning impairments are more severe in nonpaedophilic than in paedophilic CMs.
One question left unanswered is the specificity of these impairments to CMs. Performance of the OCs fell between that of the CMs and the NOs, suggesting that OCs may have some difficulties with reinforcement learning, although, as a group, these general offender participants were not significantly different from the NOs. While this finding fits with Budhani et al., (2006) , the lack of significant differences in our sample between CMs and OCs prevents us from concluding that these impairments are specific to CMs.
When situating our findings in the reinforcement learning literature, we must bear in mind that reinforcement learning involves two key aspects. The first is that behaviour is guided by outcome expectancies that are represented in the orbitofrontal cortex (Rolls, 2000) . These representations contain information about the characteristics and the value of the outcomes. Once formed, by associating outcomes to particular stimuli, they elicit expectations of reward/nonreward in response to these stimuli and prompt specific behaviour. The second aspect is that these representations are updated when outcome expectancies are violated because, for example, contingencies have changed. It is believed that it is the discrepancy between the expected and the actual outcome that leads to adjustments in the representations and drives adaptive behaviour (Schoenbaum, Roesch, Stalnaker, & Takahashi, 2009 ).
The reversal learning impairment seen in offenders with high psychopathy scores has been linked to this latter aspect and regarded as a problem in the updating of learned stimulus-outcome associations (Mitchell et al., 2002 ). In contrast, CMs show a general reinforcement learning impairment that affects both acquisition and reversal learning.
We propose that this impairment reflects an inability to form accurate representations of outcome expectancies (see Brazil, Mathys, Popma, Hoppenbrouwers, & Cohn, 2017) , which has been linked to the amygdala (Cador, Robbins, & Everitt, 1989) and insula (Brazil et al., 2017) . Such inability makes individuals less sensitive to estimating the reinforcing value of stimuli, which could (partly) explain the suboptimal learning and the subsequently poor choices found among CMs. These hypotheses, including the proposed links with specific brain regions, should be further investigated in studies that combine neuropsychological and neuroimaging data.
An alternative interpretation is that the differences in reinforcement learning capabilities between CMs and NOs relate to between-group differences in age. CMs were significantly older than NOs in this study and the correlation analysis showed a positive association between age and the number of errors made (see Appendix B). This latter finding concords with studies suggesting age-related declines in the acquisition and reversal of stimulusreward contingencies (Eppinger, Hämmerer, & Li, 2011) . It is thus possible that age accounts for the reported impairments. Studies with matched designs are needed to draw firmer conclusions.
The reinforcement learning impairment found among CMs has clinical implications, as it identifies an offender group who may struggle in therapy because of this. Offender therapy focuses on changing maladaptive behaviour and thinking patterns. This is typically done using behavioural modification techniques that incorporate the use of reinforcement to encourage appropriate behaviour, cognitive restructuring, and new skill development. In this context, desired therapeutic effects may only be attained if, for those who have the impairments, offender therapy is enhanced by interventions to remedy the impairments (Baskin-Sommers, Curtin, & Newman, 2015) and/or allow more time for learning.
Our study indicates the presence of reinforcement learning impairments, in both its acquisition and reversal learning components, among CMs especially those without paedophilic preferences. These impairments possibly reflect a more fundamental inability to form accurate stimulus-outcome associations. Remedying this impairment may help to improve treatment response among such men.
CONFLICT OF INTEREST
None. APPENDIX A
FUNDING INFORMATION

MEASURES
The SRP-SF: The SRP-SF is a self-reported measure that includes 29 items. It has four subscales: interpersonal manipulation, callous affect, erratic lifestyle, and criminal tendencies, which are combined to form two factor scores and an overall psychopathy score. Factor 1 (i.e. interpersonal affective) comprises the interpersonal manipulation and callous affect subscales. Factor 2 (i.e. impulsive antisocial) comprises the erratic lifestyle and criminal tendencies subscales.
The probabilistic reversal learning task: Six pairs of animals are presented throughout the task. 
APPENDIX B ADDITIONAL CORRELATION ANALYSES
A Pearson correlation analysis for the entire sample showed a weak but significant, positive link between age and the number of errors made in the 100-0 acquisition (r = 0.26, p = 0.01), 100-0 reversal (r = 0.22, p = 0.02), and 80-20 reversal (r = 0.32, p = 0.00). In contrast, IQ, psychopathy scores, and incarceration length (only for child molesters and comparison offenders) did not correlate significantly with performance (Table B1) .
A Pearson correlation analysis for the child molesters showed a significant positive association between age and the number of errors made but only for the 80-20 reversal condition (r = 0.35, p = 0.02). No significant correlations were found between the number of errors made and either IQ or psychopathy scores or incarceration length add (Table B2) . b n = 40 (seven child molesters did not complete the NLV due to Dutch not being their native language).
*p < 0.05.
